Abstract-RotoSAR is a ground-based SAR (Synthetic Aperture Radar) able to detect the three displacement components of large structures like bridge, towers, dams, and buildings. In this paper the RotoSAR theory has been applied to a specific case of engineering interest: the static testing of bridges. An in-field test of the technique and the prototype has been performed during the static test of a bridge in Florence (Italy).
I. INTRODUCTION
Ground-Based Inteferometric SAR (Synthetic Aperture Radar) systems are popular remote sensing instruments to detect small displacements of large structures like bridges [1] - [4] , towers [5] - [6] , dams [7] , [8] , buildings [9] . These radars are able to provide displacement maps of the structure under test, but have a critical limitation: they detect only the displacement component along the range direction. But the movement of an architectonic structure can be rather complex, and it is not always possible to make a-priori assumptions on the displacement direction as demonstrated, as an example, in [4] . For this reason in the engineering practice it is of great interest an interferometric radar able to provide the whole displacement vector. With this aim in previous works [10] - [13] one of the authors of this paper proposed a SAR system (RotoSAR) based on a radar head fixed at a rotating arm with the antennas aimed in direction orthogonal to the rotation plane. This system is able to provide both SAR images and the displacement vector.
In this paper the RotoSAR is used for the static testing of bridges. The radar technique is discussed with reference to the specific application. Finally, an experimental in-field test during the static test of a bridge is presented.
II. THE ROTOSAR PROTOTYPE
The prototype we used is shown in Fig. 1 [10]- [13] . A couple of antennas have been fixed on a rotating arm controlled by a step motor. The distance between center of rotation and median point of the centers of phase of antennas is r 0 = 0.88 m. A vector network analyzer (VNA) HP8720D operates as transceiver providing a continuous wave stepped frequency signal (CWSF) in X-band with central frequency f c =10 GHz and bandwidth B = 160MHz. Two RF cables link the VNA to the front-end fixed at the rotating arm. The antennas are two horns. With reference to Fig. 2 , the VNA output power is 0 dBm, the one-way cable loss is -5 dB, the TX amplifier gains 10 dB. Two single-pole double-throw (SPDT) switches provide a direct path (through a -40 dB attenuator) between the transmitter and the receiver in order to perform calibrated measurements. The aim of the calibration is to avoid that the movements of the cables could affect the phase of the measurement. The gain of the RX amplifier is 20dB. Proceedings of the 14th European Radar Conference
with c speed of light. Therefore setting N f = 401, it results R u =375 m, that is a reasonable value for the scenario where the prototype has been used. The acquired data are focused with the algorithm described in [14] .
III. ROTOSAR FOR DETECTING 2D-DISPLACEMENTS
A unique advantage of RotoSAR is its capability to detect more than a single component of the displacement. With reference to Fig. 3 , we consider a target that can have both vertical and longitudinal displacements, but not a transversal displacement (as it is typical of most bridges under static test). Generally speaking, the detected differential phase (Δφ) and displacement (Δu) are linked by the well-known relationship [1] , [2] :
The RotoSAR completes two full rotations (before and after a possible displacement of the target). By processing separately the upper and lower half-circle, we obtain four images. From the interferogram between the two images taken from the upper arc, we obtain the component (Δu 1 ) of the displacement along the direction between the target and the upper phase center. From the interferogram between the two images taken from the lower arc, we obtain the component (Δu 2 ) of the displacement along the direction between the target and the lower phase center. Both the phase centers are in the z-axis.
By supposing that displacement has only the vertical (Δz) and the longitudinal (Δy) components, with reference to Fig. 3 we can write
with 
IV. SIMULATION OF THE APPPLICATION OF ROTOSAR FOR BRIDGE MONITORING
In order to test the method in a realistic scenario, we have taken in consideration a model of bridge as in Fig. 4 . The structural data we used are in Table I . Generally speaking the points in the neutral axis of the bridge exhibit only vertical displacements, but in a practical implementation of the method the measurement points are in the lower deck, i.e. at a distance not null from the neutral axis. In the simulation we suppose that measurements points are 1 m under the neutral axis of the bridge. The obtained simulated displacements in vertical and horizontal directions are plotted in Fig. 5 .
With reference to Fig. 6 , we have supposed the RotoSAR is positioned close to a pillar (4 m below the deck) and it is rotated back of 20° for a better view of the bridge deck. The deck has been simulated with 21 equal point scatters.
The radius of RotoSAR was 1 m and the interferogram has been calculated only in the pixel where the power amplitude was larger then 50% of the maximum. By using the method described in the previous section we obtained the plots in Fig. 7 and 8, that demonstrate RotoSAR is able to detect correctly both the components of the displacement. The aim of this simulation has been even to assess how much the longitudinal movement of the lower deck of a bridge can affect the radar measurement of the vertical displacement. In previous works [1] - [4] the vertical displacement has been derived by the range displacement by supposing negligible the longitudinal displacement. In effect, this assumption is true only if the measurement points are in the neutral axis of the bridge, but this is not always true. In particular, for the case we considered in this simulation (based on realistic hypotheses about the structural behavior of the bridge), if we suppose the longitudinal displacement negligible, we obtain the plot in Fig.  9 , where is evident that displacements of the farthest points are heavily overestimated Indeed, although the longitudinal displacement is small in comparison with the vertical displacement, when the radar operates at grazing angles its component in range is large and can affect heavily the measurement result.
V. A PRELIMINARY IN-FIELD TEST OF ROTOSAR
On the occasion of the static test of the "Statuto" bridge in Florence (Italy), the RotoSAR has been allowed to operate infield for the first time. A set of four telescopic deflection measuring systems has been installed under the deck. They used displacement transducers with 50 mm travel and accuracy 0.01 mm, linked to a digital acquisition unit through 10 m cables. In order to identify a high signal point-target in the radar image a Corner Reflector (CR) has been positioned on the deck very close to the point of contact of one of the telescopic transducer. Fig. 10 and Fig. 11 show a draw and a picture of the in-field installation. A unique advantage of RotoSAR is its capability to detect more than a single component of the displacement. With reference to Fig. 3 , we consider a target that can have both vertical and longitudinal displacements, but not a transversal displacement (as it is typical of most bridges under static test). Two radar measurements (i.e. two complete rotations of the arm) have been performed: the first when the bridge was unloaded and the second with a load of 4 trucks parked side by side, 44 ton each, The obtained radar image, focused on the plane at 2.55 m above the center of RotoSAR, is shown in Fig.  12 . A power threshold equal to 55% of the maximum has been applied for obtaining the vertical displacement and the longitudinal displacement: Δz = -1.25 mm and Δy = 0.525 mm. The vertical displacement can be confronted with the value obtained with the telescopic transducer that has given Δz = -1.01 mm.
VI. CONCLUSION
Theory and practice of RotoSAR for monitoring large structures has been discussed in detail. The prototype has been experimental tested in-field during the static testing of a bridge. The vertical displacement measured by the radar has been in agreement with the value obtained with a telescopic deflection transducer. Better accuracy (comparable with the standard geotechnical equipment) could be obtained using higher frequency. As an example, using 77 GHz instead of 10 GHz could improve the accuracy of a factor 7.7.
